Breast cancer is the most common cancer in women worldwide. Estrogen signaling pathways have been identified as efficient targets of breast cancer therapy, given their key role in promoting breast tumor growth. Agents blocking estrogen-mediated pathways are routinely used in clinical applications in patients displaying estrogen-sensitive breast cancer subtypes; however intrinsic or acquired resistance to treatment often occurs or develops, thus limiting their efficacy. This limitation has highlighted an imperative need to identify new predictive biomarkers. Recent findings have highlighted a role for the Liver Kinase B1 (LKB1) in breast cancer tumorigenesis. LKB1 is a serine/threonine kinase mutated in Peutz-Jeghers syndrome (PJS), implicated in many cellular processes including energy metabolism, cell polarization and cell cycle arrest and has also been shown to play an essential role as a tumor suppressor gene by negatively regulating the mTOR pathway. This review provides an overview of previous findings and ongoing research on LKB1, and substantiates the use of this kinase as a potential prognostic and predictive biomarker of breast cancer.
all new cancers in women in 2015 [1] . Estrogens stimulate the proliferation and the differentiation of breast epithelial cells through the activation of downstream mitogenic signaling pathways, namely via the estrogen receptors ERα and ERβ. These receptors function as ligand-dependent transcription factors [2] [3] [4] , acting either through the transcriptional regulation of genes (genomic pathway) or through membrane and cytoplasmic signaling cascades (non-genomic pathway). Current BC treatment options exclusively target the genomic signaling pathway. Even though ERα is expressed at low levels in normal mammary cells [5] , 70% of BC express high levels of ERα and are either treated by agents that suppress the function of the receptor (anti-estrogen) or the estrogen synthesis (aromatase inhibitors) [6] .
Despite the fact that ERα is a standard predictive marker used to prescribe endocrine therapy, about 40% of these patients initially display or eventually become resistant to treatment [7] [8] . This represents a burden on public healthcare and a serious issue to be considered when designing the treatment plan of the patients, highlighting an urgent need to identify new predictive markers of therapeutic response, to ensure a better survival rate for the patients. Therefore, the identification of new actors of estrogen signaling pathways should improve treatment specificity and thus overcome cancer drug resistance. For instance, it has been extensively shown that the PI3K/Akt/mTOR pathway is frequently activated in BC, leading to the use of the mammalian target of rapamycin (mTOR) inhibitors, such as everolimus, in clinical trials [9] [10] . Although the latter has become a standard treatment in hormone-resistant BC, its use is accompanied with many side effects (stomatitis, rash, diarrhea, arthralgia/myalgia and anemia) and only 50% of patients respond to the treatment. LKB1 is a known regulator of both mTOR [11] [12] and estrogen signaling pathways [13] [14] , and given its role in BC tumorigenesis [15] , it may emerge as an attractive novel cancer biomarker.
Breast Cancer Subtypes and Therapies
Breast cancers can be classified into several subtypes based on their epidemiological risk factors, molecular markers and response to systemic and local therapies. Norum et al. presented an overview of the intrinsic molecular subtypes of breast cancer, as well as their prognostic and therapeutic implications [16] summarized in the Table 1 . The most common breast cancer subtype is the luminal A, with the best prognosis, a low grade and an increased survival rate compared to other subtypes. Luminal A tumors are characterized by an estrogen receptor-positive (ERα+), a progesterone receptor-positive (PR+) and a human epidermal growth factor receptor 2-negative (HER2−) profile. The luminal B cancer subtype shares some similarities with the luminal A subtype. It is also ERα-and/or PR-positive, HER2-negative and has a high level of Ki67 expression, reflecting a high number of proliferating cancer cells. Endocrine therapy is usually the recommended treatment for these subtypes. It entails either targeting the estrogen signaling pathway, using ERα-blocking drugs in premonopausal women, primarily the selective estrogen receptor modulator tamoxifen, or inhibiting estrogen synthesis, using aromatase inhibitors in postmenopausal women, such as exemestane and anastrozole, in order to reduce estrogen levels [17] .
The third subtype is known as the HER2-enriched subtype. It is generally negative for ERα/PR and positive for the HER2, with the amplification of the HER2 gene leading to the protein over expression and, thereby, to an uncontrolled mammary cell growth and division. It is associated with a poor prognosis and HER2-enriched BC patients frequently develop metastases. These tumors are targeted by monoclonal antibodies, such as trastuzumab [18] , and tyrosine kinase activity inhibitors, like lapatinib [19] . However, a more recent therapeutic strategy has been adopted, in which the specificity of monoclonal antibodies is combined with the efficacy of cytotoxic agents, such as the microtubule polymerization inhibitor called emtansine (DM1) [20] . Another monoclonal antibody targeting HER2, namely pertuzumab, has entered clinical trials. When combined to trastuzumab, this latter molecule significantly increases progression-free survival (PFS) and overall survival (OS) of HER2-positive metastatic/advanced breast cancer patients [21] [22]. The final subtype contains tumors with a negative profile for ERα, PR and HER-2, also known as triple negative tumors, and constitutes the most aggressive cancer subtype, with the worst patient prognosis. So far, no specific targeted therapy has been established to cure these patients, but many drugs have been tested and the results were compared to define an optimal therapy [23] . The authors showed that some new drugs are emerging as potential treatments, such as anti-androgens in patients with androgen receptor positive cancers, Src family kinase inhibitors in patients having mesenchymal-like cancer subtypes, PARP inhibitors and platinum agents in patients who have BRCA mutations [23] .
Tinoco et al. reported that over the past two decades, breast cancer mortality rates have declined by approximately 30%, with corresponding improvements in the 5-year OS rate of patients of up to 90% [24] . However, all breast cancer therapies are eventually associated with treatment resistance, coupled with the activation of estrogen-independent growth and of survival signaling pathways. In addition, metastatic breast cancer remains incurable with an estimated 5-year OS rate of only 23% [24] [25] . Altogether these data present the current significant challenges encountered by researchers/clinicians and emphasize the need to identify new predictive biomarkers of the response of patients to treatment.
Estrogen Signaling in Breast Cancer
Estrogen is a member of the steroid hormones, which play important roles in cell proliferation and differentiation in many target tissues [26] . Estrogen exerts its effects by binding to its receptors ERα and ERβ, which belong to the nuclear receptor superfamily, leading to their activation. This, in turn, sequentially results in their conformational change, dimerization and their binding to specific estrogen response elements (EREs), which are located in the targeted gene promoter regions [27] . There, ERs recruit coregulator complexes to modulate the transcriptional activity. This process is known as the estrogen genomic signaling pathway.
However, estrogen also exerts non-genomic activities in the cytoplasm, where it binds to cytoplasmic ERα, leading to its dimerization and subsequent interaction with phosphatidylinositol 3-kinase (PI3K) and with the tyrosine kinase Src close to the plasma membrane (Figure 1 ). The formation of the complex results in the activation of downstream protein kinase cascades, particularly the Src/Ras/MAPK and the PI3K/Akt pathways [28] [29] . Le Romancer's group also showed that ERα is regulated by the protein arginine methyltransferase 1 (PRMT1), through the methylation of Arg260 within the DNA binding domain [28] . Interestingly, they confirmed that this methylation is a prerequisite for the formation of the ERα non-genomic complex containing ERα/Src/ PI3K (Figure 1) . In a cohort of 175 patients with invasive breast tumors, it was shown that the interaction between ERα and PI3K/Src was correlated with ERα methylation and the downstream activation of Akt. Of note, the ERα/Src/PI3K complex is highly expressed in aggressive breast tumors, independently of ERα expression, and may, therefore, constitute an efficient target for the treatment of BC [30] .
The Tumor Suppressor LKB1

History and Physiological Role
The lkb1 gene, also called STK11, codes for a highly conserved serine/threonine kinase, which is mutated in patients suffering from Peutz-Jeghers syndrome (PJS), a dominant autosomal inherited syndrome. PJS is characterized by mucocutaneous pigmentations on the lips, finger tips and oral mucosa, in addition to the appearance of multiple gastro-intestinal hamartomatous polyps and an increased risk of developing various types of cancers, including BC (32% -54%) [31] [32] .
The human LKB1 consists of 433 amino acids, encompassing a nuclear localization signal (NLS) (38 -43 aa) and a kinase domain (49 -309 aa), which enables LKB1 to phosphorylate downstream kinases, such as the AMP-activated protein kinases AMPKs ( Figure 2 ). LKB1 is ubiquitously expressed in fetal and adult tissues. During the developmental process, several organs display a predominant expression of LKB1 at the protein level, such as the heart, the lungs, the pancreas, the kidneys and gastrointestinal tract, while in adults, the highest levels of LKB1 protein expression are mostly found in epithelial tissues, as well as in the testes [33] [34] . Although a nuclear subcellular localization of LKB1 has principally been reported, LKB1 was also shown to have a cytoplasmic localization [31] [32] [35] . Since LKB1 lacks a nuclear export signal (NES), it interacts with two partners, the pseudokinase STE20-related adaptor (STRADα), lacking several crucial residues for the intrinsic catalytic activity, and the mouse protein 25 (MO25). This allows LKB1 to translocate into the cytoplasm and phosphorylate its substrates [36] [37] . Indeed, the adaptor protein MO25 binds to STRADα, thus forming a high-affinity ternary complex with LKB1 and driving the relocalization of nuclear LKB1 into the cytoplasm. This event induces a 10-fold increase in the catalytic activity of this kinase toward its substrates [38] .
Furthermore, the activation of LKB1 in unpolarized epithelial cells was demonstrated to trigger cell repolarization, confirming its crucial role in regulating cell polarity, and the concomitant remodeling of the act in cytoskeleton to gap junctions [39] [40] [41] [42] . In addition, LKB1 is involved in metabolic pathways through the phosphorylation of AMPK, a key regulator of cellular metabolic/energy homeostasis. The latter process results in the inactivation of the mammalian target of rapamycin (mTOR), a crucial protein involved in the initiation of protein synthesis, cell proliferation and survival mechanisms, thus highlighting the role of LKB1 as a tumor suppressor [11] [12] [41] [43] . Loss of LKB1 leads to an increase in the mTOR signaling pathways, a mechanism modulated by an increased phosphorylation of its effectors, such as the translational regulator S6K1 and the eukaryote translation initiation factor 4E-binding protein 1 (4E-BP1).
LKB1 is also involved in DNA damage checkpoint regulation, in which cells lacking LKB1 accumulate more DNA-damage than control cells [44] . Induced expression of wild type LKB1 in G361 melanoma cells results in cell growth inhibition, reflecting its implication in cell growth arrest [45] . LKB1 is also involved in other signaling pathways, e.g. the TGF-β pathway, by interacting with the liver-enriched inhibitory protein (LIP-1), a novel leucine-rich repeat containing protein, in the cytoplasm [46] . Indeed, LKB1 forms a complex with LIP-1 and the transcription factor Smad-4, inhibiting the translocation of Smad-4 to the nucleus and thus regulating the TGF-β pathway.
Regulation by Post-Translational Modifications (PTMs)
LKB1 is the target of several PTMs, such as phosphorylation, acetylation and prenylation, which serve to regulate its kinase activity, as well as its localization ( Figure 2 , Table  2 ).
Phosphorylation:
LKB1 is autophosphorylated on Serine (Ser) and Threonine (Thr) residues, and is also phosphorylated by other kinases, regulating both its localization and/or enzymatic activity. Here, we will focus on the sites known to be associated with functional consequences.
Ser307: In response to several stimuli, such as peroxynitrite (ONOO  ), metformin (an anti-diabetic drug known as Glucophage) or AICAR (an analog of adenosine monophosphate), the Ser307 residue is phosphorylated by PKC-ζ, inducing the nucleocytoplasmic transport of LKB1 and the subsequent activation of AMPK, the suppression of angiogenesis and the regulation of cell cycle progression and proliferation [47] . This phosphorylation is also responsible for the activation of AMPK by LKB1 in the presence of berberine, a drug used to treat gut infections, diarrhea and diabetes [48] . Ser325:
Sapkota et al. showed that LKB1 is phosphorylated on the Ser325 residue, independently of its catalytic activity [49] . Zheng et al. identified this residue as a direct phosphorylation target of ERK in cells transformed by oncogenic B-RAF mutations, and revealed that this modification suppresses the ability of LKB1 to bind and, thereby, to activate AMPK [50] . Furthermore, they showed that this modification is important for cell proliferation and anchorage-independent growth, leading to their transformation. Indeed, cells that expressed the phosphorylation-deficient amino acid mutant proliferate significantly less than cells expressing the wild type LKB1 and form fewer colonies on soft agar than the control group.
Ser334:
The serine 334 residue is phosphorylated by the survival kinase Akt. This phosphorylation enables LKB1 to interact with the 14-3-3 protein, resulting in its increased nuclear retention, preventing the formation of the LKB1/STRADα complex and abolishing its tumor suppressor activity in vitro in breast cancer cell cultures and in vivo in mammary carcinoma in nude mice [51] .
Thr336: Upon activation of LKB1 by STRADα, LKB1 is autophosphorylated on the Thr336 residue [49] . Bai et al. demonstrated that P-Thr336 is recognized by the 14-3-3 protein, fostering its binding to LKB1 and the inhibition of the LKB1 kinase activity without affecting the level of its autophosphorylation [52] . Thr363: Sapkota and colleagues reported that the Thr366 residue is phosphorylated in mouse LKB1 (corresponding to Thr363 in human LKB1) [49] . This phosphorylation does not regulate the activity of LKB1 or its nuclear localization in HeLa cell lines. Rather, exposure of cells to ionizing radiation results in the phosphorylation of Thr363 in vitro and in vivo by the ataxia telangiectasia mutated kinase (ATM) and in vitro by the DNAdependent protein kinase DNA-PK [53] . As a result, this modification might be implicated in enabling LKB1-mediated cell growth suppression. In addition, Baas et al. demonstrated that Thr363 is also an autophosphorylation site [36] .
Ser428: Following stimulation with EGF/12-O-tetradecanoylphorbol-13-acetate (TPA) or with the adenylate cyclase activator, forskolin, LKB1 is phosphorylated on the Ser431 residue (corresponding to Ser428 in human LKB1) by p90 ribosomal S6 kinase (P90  RSK ) and cAMP-dependent protein kinase (PKA), respectively [45] . This modification mediates the ability of LKB1 to suppress cell growth. Indeed, the transfection of G361 cells with a LKB1 protein containing a mutation on this site led to a 7-fold increase in the number of colonies formed in comparison with cells transfected with the wild-type LKB1. Shen et al. demonstrated that the phosphorylation of this residue by PKA regulates the asymmetric localization of LKB1 in Schwann cells and the initiation of myelination in vitro [54] . Moreover, upon activation by metformin, Xie et al. showed that PKC-ζ is also able to phosphorylate LKB1 on Ser428 and that this phosphorylation is required to enhance the activation of AMPK, through an increase in its phosphoryla-tion on Thr172 [50] [55] . Indeed, this modification on Ser428 leads to the nuclear export of LKB1 and the subsequent phosphorylation of its target AMPK on Thr172 in endothelial cells [55] .
Acetylation/Deacetylation: LKB1 acetylation has been the subject of fewer studies than its phosphorylation. By mass spectrometry, Lan et al. showed that LKB1 is acetylated on at least nine lysine residues over its three domains, although most studies have focused on the Lys48 residue on the N-terminal part, which interacts with SIRT1, a NAD + -dependent histone/protein deacetylase [56] . Even though Lys48 deacetylation is known to be catalyzed by SIRT1, the identity of the acetylase involved remains unknown. Acetylation prevents STRADα from interacting with LKB1 and leads to an increased nuclear localization of LKB1, thereby, inhibiting its kinase activity. In contrast, the deacetylation of this lysine by SIRT1 causes a 2-fold increase in the binding of LKB1 to STRADα, in its cytoplasmic localization and in its activity.
In line with these findings, Zu et al. revealed that the levels of LKB1 and SIRT1 were inversely correlated during the progression of senescence in endothelial cells with an increase in the level of LKB1 and a decrease in that of SIRT1 [57] . In addition, these authors showed that the deacetylation of LKB1 reduces cell senescence by decreasing the activation of AMPK, and mediates the downregulation of LKB1, through ubiquitination and proteasome-mediated degradation. Recently, Bai et al. showed that the acetylation of LKB1 on the Lys64 residue triggers the formation a protein complex with SIRT1 leading to subsequent LKB1 proteasomal degradation [58] .
Prenylation:
LKB1 contains a CAAX motif in its C-terminal domain, usually required for protein prenylation. Indeed, this modification takes place on the cysteine residue Cys430 of LKB1. Two studies demonstrated that the substitution of Cys430 with a serine residue reduced the level of LKB1 associated with the plasma membrane, thus confirming the role of prenylation in targeting LKB1 to the membrane [59] [60] . Based on in vivo studies, Houde et al. reported that knock-in mice, in which Cys433 (corresponding to Cys430 in human) was replaced by Ser433, displayed a lower level of LKB1 associated with the membrane, as well as a significantly reduced AMPK activity, suggesting that LKB1 localization is a prerequisite for its kinase activity. Upon activation by AICAR, an AMPK activator, these mice showed muscle contraction along with a significant decrease in lipid synthesis in their liver [60] .
Altogether, the identification of different PTMs of LKB1 shows that its localization appears to be closely linked to its kinase activity and this may affect its anti-tumoral properties.
Role of LKB1 in Cancer: Focus on Breast Cancer in Mouse Models
Patients with a predisposition to PJS, suffering from germline mutations of lkb1, presenta higher risk of developing cancer at a young age, such as lung, gastrointestinal, gynecological and breast cancers [32] [61] [62] . In addition, BC patients are reported to have frequent loss of heterozygosity in a chromosome locus, in which lkb1 is located [63] . These results are consistent with several reports showing that LKB1 possesses anti-tumoral properties.
Indeed, LKB1 was found to be overexpressed in breast cancer cells upon exposure to adiponectin [64] . As a result, LKB1 overexpression mediates the activation of the AMPK signaling pathway, thus inhibiting the activation of mTOR, leading to a decrease in the adhesion, invasion and migration abilities of cancerous cells. Finally, this anti-tumoral effect was reversed by the knockdown of LKB1.
Another study revealed that LKB1 limits the migration and the invasive capacity of breast cancer cell lines by decreasing levels of secreted matrix metalloproteinases and downregulating the expression of angiogenesis factors, such as VEGF, both in vitro and in vivo [65] . These authors demonstrated that LKB1 acts as a negative regulator of human BC, since LKB1-transfected breast cancer cells grew at a slower rate than control cells in nude mice, and in addition, LKB1-transfected xenografts displayed a significant regression of lung metastasis.
Conditional deletion of lkb1 in primary mouse mammary epithelial 3D cultures leads to the disruption of both epithelial architecture and basement membrane structure [66] . In vivo, this deletion disrupts the epithelial integrity and causes the appearance of a discontinuous basement membrane around lkb1-deficient mammary epithelial ducts.
Loss of lkb1 is also significantly associated with the activation of c-Myc, which induces mammary tumorigenesis [66] . Indeed, the combination of Myc overexpression and loss of lkb1 intensely accelerated the formation of mammary tumors and shortened the mean latency of tumor formation in comparison to the wild type group.
McCarthy et al. generated transgenic mice carrying the lkb1 allele with provisional deletion of the exons coding for the LKB1 kinase domain, exclusively in the mammary gland [15] . Mammary gland tumors were developed, sharing some histological patterns with breast cancers developed in PJS patients. This mouse model offers a precious tool to test new therapeutic strategies and to understand the biological impact of the loss-of-function of lkb1in the development and the progression of mammary gland cancer.
Another breast cancer mouse model was developed in 2013, combining the loss of lkb1 with an activating mutation of the Her2 oncogene [67] . Here, the loss of LKB1 activity reduced the latency of tumor formation and significantly stimulated tumor growth. In parallel, breast tumor formation was strongly correlated with the hyperactivation of the mTOR signaling pathway and the alteration of cell metabolism, leading to tumors with a high metabolic activity. This model exposes the loss of lkb1 in HER2-positive tumors as a potential new marker for mTOR hyperactivation, thereby encouraging new therapeutic agents to target the LKB1-mTOR signaling pathway in BC.
However, several studies reported that LKB1 could also have oncogenic properties.
In several breast cancer cell lines, Nath-Sain et al. showed that, in response to estrogen, LKB1 acts as a coactivator of ERα in the nucleus and thus interferes with the estrogen genomic signaling pathway [13] [33] . This results in an enhanced ERα-mediated transactivation of targeted genes, such as cathepsin D, c-myc and cyclin D1, thereby in-creasing cell proliferation and highlighting a signaling pathway, in which LKB1 acts as a tumor enhancer. Furthermore, LKB1 was shown to drive the proliferation of UVB-induced murine basal cell carcinoma, by leading to a constitutive activation of the Wnt/β-catenin signaling pathway [68] . In addition, LKB1 can play an important role in the phosphorylation of pro-apoptotic proteins by Akt, such as Bad, FoxO1 and others, which suppresses cell death in tumor cells with a constitutively active Akt [69] .
LKB1, A Potentially Novel Biomarker of BC
PJS patients develop breast cancers that display either a loss or a reduced expression of LKB1 protein, the sporadic mutations being rarely detected [32] [35] . Indeed, in a cohort of 62 patients with primary BC and 17 established BC cell lines, Bignel et al.
screened the full coding sequence and splice junctions of LKB1 for somatic mutations, to no avail [70] . A whole-genome sequence analysis was conducted on 560 BC samples to improve our understanding of the origins and the effects of somatic mutations in BC [71] . The authors identified 916 probable mutations as driver mutations in BC, including the mutation of the lkb1 gene, thereby giving rise to a protein mutated on the Cys151 residue.
Shen et al. studied the expression of LKB1 in a cohort of 116 invasive breast cancers
and assessed the correlation with established clinicopathological prognostic factors [72] . They found that a low level of the protein LKB1 is associated with poor prognostic factors, such as high histological grade, increased tumor size, the presence of lymph node metastasis, in addition to a shorter RFS and poorer OS. In this study, LKB1 expression was analyzed in tumors by Western blot, an approach which does not take into consideration the heterogeneity of the tumors or the subcellular localization of LKB1.
More recently, Xiao et al. conducted a meta-analysis of 14 studies that encompassed 1915 patients and included 7 different solid tumors, such as BC and lung cancer [73] .
They demonstrated that the decreased expression of LKB1 messenger RNA was associated with a poor OS, as well as a larger tumor size, lymph node metastasis and higher TNM stage, and they suggested that the low level of LKB1 could be used as a potential predictive marker for poor prognosis in patients with solid tumors.
Bouchekioua-Bouzaghou et al. described, for the first time, a dual localization of LKB1 both in the nucleus and in the cytoplasm in breast tumors. Moreover, they identified cytoplasmic LKB1 as a partner of methylated ERα in the estrogen non-genomic complex [14] . This interaction takes place not only in breast cell lines but also in primary breast tumors specifically expressing the methylated form of ERα. The authors showed that LKB1 does not alter the integrity or the stability of the complex, but that it acts as an auxiliary partner. Interestingly, they also studied the expression of LKB1 at the protein level in 154 BC samples [14] and revealed that a nuclear LKB1 expression was inversely correlated with its cytoplasmic expression. Furthermore, it was shown that high levels of cytoplasmic LKB1 are an independent poor prognostic factor of OS and disease-free survival (DFS) and are associated with bad prognostic factors, such as high SBR grade and negative ERα status, while the nuclear form of LKB1 is associated with good prognostic factors. The dual localization of LKB1 was confirmed in the MCF7 (cytoplasmic localization) and ZR75-1 (nuclear localization) BC cell lines. The expression of LKB1 in the cytoplasm was also associated with the expression of ERα/Src/PI3K, corroborating in vitro results showing that LKB1 is a partner of the non-genomic complex. Bouchekioua-Bouzaghou et al. speculated that LKB1 was trapped inside the nongenomic complex, thus inhibiting LKB1 from exerting its antiproliferative role (Figure 3) . Indeed, the level of phosphorylated 4E-BP1, a direct target of mTOR, was positively correlated with the expression of cytoplasmic LKB1 in the tested cohort. Accordingly, the presence of LKB1 within the estrogen non-genomic complex could impair the ability of LKB1 to phosphorylate its substrates, thus altering its anti-tumoral activity.
More recently, Azim et al. conducted a study on 35 Egyptian luminal breast tumors to establish correlations between the PI3K/AKT/m-TOR pathway effectors, mainly LKB1, and the known clinicopathological factors of the patients studied [74] . This study confirmed the dual localization of LKB1 and the authors demonstrated that the high level of nuclear LKB1 protein expression was predictive of a better DFS. They also found that it is associated with parameters of good prognosis, such as smaller tumor size, more ERα and PR positivity, a predominant HER2 negativity and a decreased risk of recurrence or death, thereby confirming the results obtained earlier by BouchekiouaBouzaghou et al. [14] . postmenopausal women, suffering from metastatic BC that became resistant to the aromatase inhibitors treatment [75] . The trial aimed to evaluate the efficacy of the combination treatment on enhancing the prognosis of endocrine therapy-resistant patients. After a follow up of 6 months, this study, entitled TAMRAD, reported that the clinical benefit rate, the time to progression of cancer and the OS of patients increased for patients receiving the combination therapy compared to the tamoxifen monotherapy group. These results were confirmed by Baselga et al. who conducted a phase III randomized trial on 724 patients with hormone receptor-positive advanced BC [76] and found that the combination of everolimus with the aromatase inhibitors also enhanced the PFS of patients. From the TAMRAD trial, Treilleux et al. conducted a retrospective evaluation on 55 primary tumor samples to identify potential predictive biomarkers of the response to everolimus [77] . Focusing exclusively on the mTOR pathway, they found that low levels of cytoplasmic LKB1 expression was associated with a high level of P-4EBP1, low cytoplasmic P-Akt and low PI3K levels. The patients showing these expression profiles appeared to benefit more from the treatment with tamoxifen and everolimus. This evaluation highlighted the fact that LKB1 could be a predictive marker of the efficacy of administering everolimus in advanced BC.
Of note, it is hard to associate the expression profile of LKB1 with a specific BC subtype, since the cohorts studied give rise to contradictory results. This could be due to the difference in the cohorts' size, the methods used to detect LKB1 (western blot, immunohistochemistry, RT-PCR…) and the fact that LKB1 localization is not always taken into account [14] [72] [78] .
Conclusion
At present, ERα is the only factor routinely used to predict and prescribe endocrine therapy. Based on recent findings, it seems that combining targeted therapy to hormonotherapy could significantly increase the survival rate of patients with BC. However, the occurrence of side effects and the cost of targeted therapies disable the clinicians from targeting the right patients, giving thereby rise to an urgent need for novel and efficient predictive markers. LKB1, as a regulator of the mTORC1 pathway, could be a potential predictive marker of the efficacy of everolimus in advanced breast cancer. Based on recent results, it seems that the dual localization of LKB1 within tumor cells should be taken in account to determine its prognostic value, since it can act either as a tumor suppressor or as an oncogene, according to its localization. It would be of interest to determine which PTM regulates LKB1 shuttling in BC.
